This study investigated the levels of adrenomedullin (AM) and the gene expression of AM, calcitonin receptor-like receptor (CRLR), receptor activity-modifying proteins (RAMPs), and receptor-coupling protein (RCP) in the testis, ventral prostate, seminal vesicle, and epididymis in rats aged 3, 12, and 20 months by radioimmunoassay and semiquantitative reverse transcriptionpolymerase chain reaction (RT-PCR). The results indicate an age-related increase in AM and its messenger RNA (mRNA) levels in the testis and decrease in the sex accessory glands. The gene expression of CRLR and RCP decreased only in the sex accessory glands. The changes in the gene expression of RAMPs suggest that the major increase was in CGRP receptors in the testis, whereas the major deceases in the ventral prostate and the seminal vesicles might be CGRP and AM receptors, respectively. The decreases in these receptors were similar in the epididymis. The results suggest possible roles of AM in the male reproductive system during aging.
A DRENOMEDULLIN (AM) is a multifunctional peptide with a long-lasting vasorelaxant activity first isolated from pheochromocytoma (1) . Human and rat AM consists of 52 and 50 amino acids, respectively (2, 3) . AM belongs to the calcitonin superfamily of peptides and has a conserved six-amino acid ring formed by an intramolecular disulphide bond and a C-terminal amide (4) . AM can bind to the calcitonin gene-related peptide (CGRP) receptor in several types of tissues (5, 6) . However, specific AM receptors that are insensitive to CGRP receptor antagonist, CGRP , have been identified (7) . McLatchi and colleagues (8) reported that the calcitonin receptor-like receptor (CRLR) accounts for the majority of AM and CGRP binding, and whether it binds to AM or CGRP depends on the type of receptor activity-modifying protein (RAMP) that is expressed, namely RAMP1, RAMP2, or RAMP3. CRLR combines with RAMP1 and RAMP2 to give rise to a specific CGRP receptor and a specific AM (AM1) receptor, respectively. The combination of CRLR with RAMP3, however, will result in a receptor (AM2 receptor) that binds both AM and CGRP (9, 10) . A functional AM or CGRP receptor also requires an intracellular protein, receptorcoupling protein (RCP), for signal transduction (11) .
Immunoreactive AM and its messenger RNA (mRNA) have been identified in various tissues both in the human and the rat, including the neuroendocrine, cardiovascular, digestive, and respiratory systems (2, 3, (12) (13) (14) (15) (16) . The gene expression and/or peptide of AM have also been shown in reproductive organs such as the ovary (16, 17) , uterus (16, 18) , testis (15, 19) , prostate (20, 21) and epididymis (22) .
There are several age-associated decreases in the human male reproductive system including sperm motility, testicular perfusion, and numbers of Sertoli cells and Leydig cells, with an associated decrease in serum testosterone (23) . These age-related changes are suggested to be caused by functional alterations in the reproductive organs and the endocrine system (24) . We recently found that AM suppresses human chorionic gonadotropin (hCG)-stimulated testosterone secretion (19) besides inhibiting endothelin-1 (ET-1)-induced contraction of peritubular myoid cells in the seminiferous tubules (25) . AM concentrations are much higher in the human seminal plasma than in the serum (26) . AM is also expressed and regulated by androgen in the ventral prostate epithelial cells (20) . These findings suggest that AM may have potential roles in modifying the androgen secretion and in regulating the functions of the male reproductive system.
In the present study, we have determined the levels of AM and its mRNA as well as the gene expression of its receptor components in the testis, ventral prostate, seminal vesicle, and epididymis in an attempt to understand its possible roles in the male reproductive system during aging.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats of 3, 12, or 20 months of age were obtained from the Laboratory Animal Unit, Faculty of Medicine, The University of Hong Kong. All procedures had been approved by the Committee on the Use of Live Animals for Teaching and Research of the Faculty of Medicine, and were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (National Academy of Sciences).
Extraction of AM From the Reproductive Tissues and the Plasma
Tissues including testis, ventral prostate, seminal vesicle, and epididymis of eight rats from each age group were used, and each tissue was homogenized in 2 N acetic acid, then boiled for 10 minutes. A 50 lL aliquot was taken for protein assay, and the remaining homogenates were centrifuged at 18,600 3 g for 20 minutes at 48C (Sorvall SM 24; Thermo Fisher Scientific, Inc., Waltham, MA). The supernatants were lyophilized and stored at À208C until assay.
A volume of 2 mL of plasma was acidified with an equal volume of 1% trifluoroacetic acid (TFA) and centrifuged at 18,600 3 g for 20 minutes at 48C (12) . The diluted plasma samples were loaded onto pre-equilibrated C-18 Sepcolumns (Waters Corp., Milford, MA), which were then washed twice with 3 mL of 1% TFA. The peptide was eluted with 60% high-performance liquid chromatography (HPLC) grade acetonitrile in 1% TFA, dried in a speedvacuum concentrator (Savant, Farmingdale, NY), redissolved in 0.5 mL of radioimmunoassay (RIA) buffer (0.1% sodium phosphate [pH 7.4], 0.1% heat-inactivated bovine serum albumin [BSA], 0.05 M sodium chloride, 0.01% sodium azide, and 0.1% Triton X-100), and further purified with a nanospin column (Millipore Corp., Benford, MA; molecular weight cutoff point is 10 kd) (13) .
RIA
The lyophilized tissue sample was reconstituted in RIA buffer for the determination of immunoreactive AM concentration (12) . Rat AM and AM antiserum were purchased from Peninsula (Belmont, CA). The 125 I-labeled AM was obtained from Phoenix (Belmont, CA). The sensitivity for the assay was 5 pg/tube. The intraassay and interassay coefficients of variation were 7% and 10%, respectively.
Protein Measurement
Aliquots (50 ll) of tissue homogenate or standard (BSA) were boiled with 1 N NaOH for 10 minutes, and 50 lL of the boiled sample was mixed with 2.5 mL of protein assay reagent (Bio-Rad, Hercules, CA). After 10 minutes of incubation at room temperature, the samples were measured spectrophotometrically at 595 nm (LKB Ultraspec II; Biochrom, Cambridge, U.K.). The immunoreactive AM was expressed as femtomoles per milligram of protein.
RT-PCR of AM, CRLR, RAMP, and RCP
Total RNA of the testis and the sex accessory glands was prepared using TRIZOL reagent (22) and subjected to RT-PCR (19) . RNA samples (5 lg) were reverse-transcribed into complementary DNA (cDNA) with SuperScript II reverse transcriptase according to the manufacturer's instructions (Life Technologies, Carlsbad, CA). The mRNA levels of AM, CRLR, RAMP, b-actin, or L19 were then measured by PCR using HotStarTaq DNA polymerase (Qiagen, Valencia, CA) with the corresponding forward and reverse primers. The primers were designed on the basis of the published sequence of AM (ttcagcagggtatcggagc-forward; ccgactgtt caatgctgcc-reverse); CRLR (ccaaacagacttgggagtcactaggforward; gctgtcttctctttctcatgcgtgc-reverse); RAMP1 (cactca ctgcaccaaactcgtg-forward; cagtcatgagcagtgtgaccgtaa-reverse); RAMP2 (aggtattacagcaacctgcggt-forward; acatcctctggggga tcggaga-reverse); RAMP3 (acctgtcggagttcatcgtg-forward; acttcatccggggggtcttc-reverse); RCP (agaacttgaacgccatcaccforward; ccatcagctggatctcaaca-reverse); b-actin (ggaaatcg tgcgtgacatta-forward; aggaaggaaggctggaagag-reverse); and L19 (gaaatcgccaatgccaactc-forward; accttcaggtacaggctgtgreverse). The PCR condition for AM was 948C for 15 minutes and cycles of 948C for 1 minute, 568C for 1 minute, and 728C for 1 minute (33 cycles for testis, 35 cycles for ventral prostate and seminal vesicle, and 36 cycles for epididymis). The PCR conditions for CRLR and RAMP were 948C for 15 minutes followed by cycles of 948C for 30 seconds, 608C for 30 seconds, and 728C for 90 seconds (for testis: 30 cycles for CRLR and RAMP2, 26 for RAMP1, 34 for RAMP3; for ventral prostate: 32 cycles for CRLR, RAMP1, RAMP2, and RAMP3; for seminal vesicle: 28 cycles for CRLR, 32 for RAMP1 and RAMP2, 39 for RAMP3; for epididymis: 32 cycles for CRLR and RAMP1, 35 for RAMP2, 37 for RAMP3). The condition for RCP was 948C for 15 minutes and cycles of 948C for 1 minute, 638C for 1 minute, and 728C for 1 minute (26 cycles for testis, 33 cycles for ventral prostate, 31 cycles for seminal vesicle, and 32 cycles for epididymis). The condition for b-actin was 948C for 15 minutes and 28 cycles of 948C for 45 seconds, 598C for 30 seconds, and 728C for 45 seconds. The condition for L19 was 948C for 15 minutes and 34 cycles of 948C for 30 seconds, 568C for 30 seconds, and 728C for 1 minute. The PCR products were analyzed on a 1.5% agarose gel with ethidium bromide at 0.5 lg/mL using a gel documentation and analysis software (GeneGenius; Syngene Co., Cambridge, U.K.). The mRNA expression level of the test gene was expressed in arbitrary units after normalizing the band intensity with that of the corresponding b-actin or L19 internal control. For all RT-PCR protocols, there were linear relationships between the amounts of cDNA and the optical densities of the band, confirming the reliability of the RT-PCR assay for the quantification of the mRNA levels. The identities of all the PCR products were confirmed by gene sequencing (Genome Centre, Faculty of Medicine, The University of Hong Kong).
Plasma Testosterone Measurement by Enzyme Immunoassay
Plasma levels of testosterone were measured according to the manufacturer's instructions with a testosterone immunoassay kit (Diagnostic Systems Laboratories Inc., Webster, TX). The intraassay and interassay coefficients of variation were 5.6% and 4.2%, respectively.
Statistical Analysis
All data are expressed as mean 6 standard error of the mean, and statistical significance assessed by one-way analysis of variance (ANOVA) followed by StudentNewman-Keuls (SNK) test for post hoc comparisons, with p , .05 taken as significant.
RESULTS
The plasma levels of testosterone were 3.26 6 0.84, 1.15 6 0.27, and 1.67 6 0.2 ng/mL in the young, middle-aged, and old rats, respectively. They were about two-to threefold lower in middle-aged and old groups as compared with the young group.
The body weights and the levels of AM in the rat testis, ventral prostate, seminal vesicle, and epididymis among the three age groups were summarized in Table 1 . The body weights were significantly increased with age and were almost doubled at old age. Both plasma and testicular AM levels were significantly increased in both middle and old groups. In contrast, in the ventral prostate, AM level was decreased in the old group. The AM levels in the seminal vesicle and epididymis were also reduced in both middleaged and old groups ( Table 1) .
The mRNA expression of AM and its receptor components were estimated by semiquantitative RT-PCR, and the results are shown in Figures 1-4 . The mRNA levels of testicular AM, RAMP1, and RAMP3 were significantly upregulated in the old group as compared with both young and middle-aged groups (Figure 1 ). The levels of CRLR, RAMP2, and RCP were not affected by aging. In the ventral prostate, the AM mRNA levels were significantly reduced in the old group as compared with the young (Figure 2) . The mRNA expressions of RAMP1 and RCP were downregulated in both middle and old groups. However, both CRLR and RAMP2 mRNA expressions were unaffected with aging. The mRNA levels of AM, CRLR, RAMP2, and RAMP3 were decreased in both middle-aged and old groups in the seminal vesicle (Figure 3 ). In addition, RCP mRNA expression was significantly diminished in the old group, whereas there was no significant change in the RAMP1 mRNA level among the three age groups. Ribosomal protein L19 was used as internal control for the determination of the changes in mRNA expression in epididymis because it is a better housekeeping gene in this tissue. All the mRNA levels being studied were significantly decreased in the epididymis in both middle-aged and old groups (Figure 4) .
DISCUSSION
The present study demonstrates the presence of both AM peptides and AM mRNA in the rat testis, ventral prostate, seminal vesicle, and epididymis as well as the ageassociated changes of AM and its mRNA levels in these tissues. The presence of AM and its receptor components in the same tissues suggest the autocrine/paracine action of AM in the male reproductive system. There is excellent agreement between the changes in AM level and gene expression except for the testis, in which the peptide levels increased significantly both in 12-month-old and 20-monthold rats, whereas the increase in AM mRNA was only borderline in the 12-month-old rats and greatly elevated in 20-month-old rats.
Both AM and its mRNA levels are increased with age in the testis. As AM has been found to inhibit hCG-stimulated testosterone production (19) , this age-related increase in AM is in line with the age-related reduction in circulating testosterone concentrations. However, because the decrease in serum testosterone levels precedes the major increase in AM gene expression, the contribution of AM to the change in testosterone production remains unclear. Indeed, the main factor for the decrease in serum testosterone with age is the age-related decrease in plasma luteinizing hormone (LH) level (27, 28) . It is known that the basal LH level decreases and the basal follicle-stimulating hormone (FSH) level remains unchanged (29) in the old Sprague-Dawley rat, although the latter was increased in the old Brown Norway rat (28) . FSH and hCG have been found to inhibit AM gene expression and secretion in rat Leydig cells and Sertoli cells, respectively (Chan YF, 2006, personal communication). The decrease in serum LH level and the increase in Leydig cell number (27) may be some of the causes for the increase in AM gene expression and secretion in the testis of the old rats in this study. In addition to the effect of AM on steroidogenesis, there may be an age-related decrease in the contraction of seminiferous tubules as AM is able to antagonize ET-1-induced contraction of testicular peritubular myoid cells (25) . It seems that the binding and response to CGRP would be more affected as there were increases in RAMP1 and RAMP3, both of which when combined with CRLR will generate receptors that bind CGRP.
The levels of AM and its mRNA as well as the mRNA levels of receptor components are all decreased in the secondary sex organs studied here: ventral prostate, seminal vesicle, and epididymis. AM is expressed mainly in the secretory cells of the ventral prostate epithelium and is androgen dependent (20, 21) . Therefore, the age-related decrease in AM and its mRNA levels in ventral prostate may be due to the reduction of circulating testosterone concentrations. It has been demonstrated that AM causes a relaxation of the smooth muscle in the rat prostate (30) and increases prostatic blood flow (31); therefore, reduction of AM with age may affect the secretion and motility of the gland. As in the testis, the change in the gene expression of the receptor component proteins was mainly in RAMP1, suggesting a possible decrease in binding and response to CGRP, although there was also a slight decrease in CRLR gene expression. The reduction of RCP expression is prior to that of AM expression, suggesting that the response to AM may be already impaired at middle age. There are age-related decreases in the gene expression of AM, CRLR, RAMP2, and RAMP3, but not in RAMP1 in the seminal vesicle. This finding suggests that the decrease in binding and response to AM may be greater than that for CGRP. The decrease in AM production in the ventral prostate and seminal vesicle may give rise to a reduction of AM concentration in the seminal fluid. Like calcitonin (32) , AM concentration is much higher in seminal fluid than in the plasma and is positively related to sperm motility (26) . These findings, together with the presence of calcitonin (33) and high-affinity calcitonin-binding sites (34) in human spermatozoa, suggest a possible role of AM in regulating sperm motility. Indeed Chiu and colleagues (Chiu PC, Yeung WS, Ho PC, 2006, personal communication) have found a stimulatory effect of AM on human sperm motility. The decrease in AM production observed here in seminal vesicle and prostate may account for the reduced sperm motility with age reported previously (24) . This hypothesis requires further investigation.
We previously demonstrated that AM is present in the epithelial cells of the epididymis and is able to stimulate anion transport (22) . The age-associated decrease in epididymal AM may impair the secretory activity of the epididymis and thereby affect the maturation of sperm. The gene expression of all receptor components is downregulated in middle and old ages, which suggests a decrease in binding and response to both AM and CGRP.
Conclusion
Adrenomedullin and the gene expression of its receptor components are differentially regulated in primary and secondary sex organs. The first point of interest is both AM and its mRNA levels are increased in the testis with age, whereas they are decreased with age in the ventral prostate, seminal vesicle, and epididymis. It is pertinent to note that the increase in gene expression occurs in the testes of old rats, whereas the decreases in gene expression in the sex accessory glands are found in both middle-aged rats and old rats. This finding suggests that, although the changes in the sex accessory glands may be responses to the age-related decreases in serum testosterone levels, the increases in gene expression in the testis may not be important for the decline in testosterone production (which indeed it is not). The second point of interest is the different responses in the gene expression of receptor component proteins in different organs. Although both CGRP and AM receptors seem to be equally affected in the epididymis, AM receptors are more affected in the seminal vesicles, and CGRP receptors are more affected in the testis and the ventral prostate. The explanation for this as well as the significance awaits further clarification.
